The southern African region has been projected to receive less precipitation and Swaziland is no exception. The average results (precipitation, potential evapotranspiration) of 12 general circulation models (GCMs) in the future (2021 to 2060) and the observed stream flows were input to a calibrated rainfall runoff model (Watbal model) in order to determine the water resources in four catchments in Swaziland under expected climate change. Simulation results show that, the present streamflow lie within the 95% confidence interval of the projected flows in all the catchments. This implies that there is no significance difference between the observed and projected stream flow at 5% confidence level. However, the runoff change between the 2.5% and 97.5% quantile ranges from -17.4 to 26.6; -31.2 to 18.1; -40.3 to 27.7; and -40.8 to 34.9% in the Komati, Mbuluzi, Usutu and Ngwavuma catchments respectively and the median of the runoff change is negative for most of the months in three catchments (Usutu, Mbuluzi and Ngwavuma) except for the Komati catchment. Thus, there will be less runoff in the three catchments under expected climate change. Therefore, there will be less runoff in the three catchments and adaptation options for Swaziland are proposed.
INTRODUCTION
Swaziland is bounded by the Republic of South Africa in the north, west and south and by Mozambique on the East. Therefore, Swaziland is a landlocked country with a size of 17400 km 2 . The country is divided into four physiologic regions namely; Highveld, Middleveld, Lowveld and Lubombo. The Highveld and upper Middleveld are characterized by a Cwb climate. The lower Middleveld and Lubombo range have a Cwa climate whilst the western and eastern Lowveld have a Bsh climate (Murdoch, 1970) . The Highveld region receives the highest rainfall which ranges from 1200 to 1500mm per year followed by the Middleveld with annual rainfall ranging from 700 to 1200mm. The Lowveld region receives the lowest rainfall which ranges from 500 to 700mm per year while the Lubombo plateau has similar climatic conditions to the Middleveld region.
Therefore, proposed adaptation options to climate change for Swaziland are: efficient water use (at domestic and farm level), wastewater recycling, rainwater harvesting, ground water utilization, implementation of integrated water resources management (IWRM), water resources development and inter-basin transfers.
The water sources in Swaziland are mainly surface waters (rivers, reservoirs), ground water and atmospheric moisture. There are seven drainage basins in Swaziland and these are: Lomati, Komati, Mbuluzi, Usutu, Ngwavuma, Pongola and Lubombo (see Figure 1 ).
Climate will always change due to the natural forcings of eccentricity. Climate changes occurring over time scales shorter than those associated with the orbital forcing frequencies are defined as short-term. Climate fluctuations on time scales of less than 100 years are usually considered as climatic variability.
It has been considered that the major potential mechanism of climate change over the next few hundred years will be anthropogenic green house gas warming up. A number of gases that occur naturally in the atmosphere in small quantities are known as -greenhouse gases‖. Water vapour (H 2 O), carbon dioxide (CO 2 ), ozone (O 3 ), methane (CH 4 ), and nitrous oxide (N 2 O) trap solar energy in much the same way as do the glass panels of a greenhouse or a closed automobile. However, the earth's atmosphere has been kept some 30 o Celsius hotter than it would otherwise be, making it possible for humans and other living things to exist on earth because of the natural greenhouse gases effect.
Human activities, however, are now raising the concentrations of these gases in the atmosphere and thus increasing their ability to trap energy. Carbon dioxide levels have risen from 280 ppm by volume since before the Industrial Revolution to about 360 ppm by 1990 (IPCC, 2001 ). Manmade carbon dioxide which, is the most important contributor to the enhanced greenhouse gases effect, comes mainly from the use of coal, oil, and natural gas. It is also released by the destruction of forests and other natural sinks and reservoirs that absorb carbon dioxide from the air.
The global green house gas emissions due to anthropogenic activities have increased since preindustrial times with and increase of about 70% between 1970 70% between and 2004 70% between (IPCC, 2007 . The IPCC (2007) also reports that the atmospheric concentrations of CO 2 (397ppm) and CH4 (1774ppb) in year 2005 exceed by far the natural range over the last 650,000 years. Fossil fuel use is the major contributor of global CO 2 , followed with land-use change. It has been established that the climate change in the next 100 years will be due to anthropogenic activities (IPCC, 2001 ). It has also been reported that 1995-2006 are the warmest years in the history of instrumentation (since 1850) and the global surface temperature rise is due to the green house gases effect (IPCC, 2007). The major effect of the increase of anthropogenic green house gas emissions in the atmosphere is global warming and thus changes in precipitation and the environment. The areas that are now dry-humid, semiarid and arid will become semiarid, arid and desert respectively.
According to the IPCC (2007), if countries around the world do not reduce emissions of greenhouse gases by the end of this century:
Temperatures globally are expected to increase from 2 to 5.8 degree Celsius, depending on population and economic growth. Global average sea level has risen since 1961 at a rate of 1.8 mm per year and since 1993 at 3.1 mm per year with contributions from thermal expansion, melting glaciers and ice caps, and the polar ice sheets. Therefore, using the current rate, the sea level is expected to rise to 31 cm by the end of the century. Mortality and illness will have risen as the intensity and duration of heat waves increased and as the tropical habitat of mosquitoes that carry malaria and fever creep northward. Precipitation has increased significantly in eastern parts of North and South America, northern Europe and northern and central Asia but declined in the Sahel, the Mediterranean, southern Africa and parts of southern Asia. In summary precipitation is expected to increase in high latitudes and decrease in most subtropical land regions. This will significantly reduce food crop yields in developing countries as a whole. The frequency of extreme events (droughts, heat waves, cyclones, floods) is expected to increase. In north Atlantic an increase in intense tropical cyclone activity has been observed since 1970. Heat waves have become more frequent over most land areas and the frequency of heavy precipitation and thus floods has increased over most areas, globally.
Over the past 50 years the average temperature on the earth has risen at the fastest rate in recorded history with the 10 hottest years on record occurring since 1990 (Zabarenko, 2005 Swaziland has been experiencing frequent droughts especially in the Lowveld region. Swaziland area is categorized into three drought risk zones namely: little/none, moderate and severe. The northwest Highveld region is in the little/none drought risk zone. This is consistent with the position that the region receives the highest amount of rainfall (1200-1500mm). The south west Highveld, Middleveld and Lubombo regions are in the moderate drought risk zone, with annual rainfall values ranging from 700-1200mm. The Lowveld region coincides with the severe drought risk zone, with annual rainfall ranging from 500-700mm. This region is characterized by short rainfall seasons, which last for four months, and is often hit by droughts even during years of high rainfall. The late onset of the rainfall season in this region, early cessation of the rains and severe dry spells during the critical crop growth stages often cause crop failure. The above issues necessitated the carrying out of a study to find out the vulnerability of the sector of water resources in Swaziland due to expected climate change.
METHODOLOGY
The expected climatic changes due to anthropogenic activities will cause global warming. The effects of global warming will bring changes in annual average precipitation values in the order of ±20% (IPCC, 1990; IPCC, 2007) ). Extreme events (droughts, and floods) now considered rare will occur more frequently in certain regions. General circulation models (GCMs) provide physically based predictions of the way climate might change as a result of increasing concentrations of atmospheric green house gases. The GCMs are mathematically representatives of the earth's climate system and they simulate atmospheric processes at a field of grid points that cover the surface of the earth (IPCC, 1996).
The outputs of these models are: temperature and precipitation values. The GCMs are used in conjunction with hydrologic models in the assessment of the impact of climate change on hydrology and water resources (Benoff et al, 1996) . For the purpose of evaluating the impact of climate change on hydrology and water resources, the models that are in use usually operate in simulation mode. A river-basin-monthly water balance models are recommended as the primary approach for assessing climate change impacts on river runoff (IPCC, 1996) . The CLIRUN set of models is the standard water balance tool selected for the evaluation of the impact of climate change on hydrology and water resources (IPCC, 1996) . The WatBall model developed by Yates (1994) is one of the CLIRUN sets of models and was used in this study. This model was also used by Matondo et al. (2001) .
Catchments of study
In the present study four catchments, being the Usutu, Komati, Mbuluzi and Ngwavuma, were considered. Daily hydro-meteorological data for the four catchments was obtained from the Departments of Meteorology and Water Resources. Within Swaziland the Komati Basin has two major river gauging stations, GS29 at Malolotja on the entrance of the Komati River and GS30 at Mananga on the exit. Unfortunately GS29 was closed in 1989 (with a record of close to 10 years) due to problems of access. The Mananga station has a record of about 23 years. Although not quite an impressive length of record, it was considered the best station that could be used in the absence of a better one. The Mbuluzi basin has several stations among which two can be considered major. These are GS3 at Croydon, and GS32 at Mlawula on the exit into Mozambique. GS3 was selected over the other since it has over 40 years length of record, while GS32 has 22 years approximately. Moreover GS3 has less influence of flow regulation compared to the other. The Ngwavuma Catchment has two streamflow stations, GS8 at Lubuli and GS 27 at Ngololweni. Since GS8 has 30 years length of record while the upstream GS27 has less than 10 years of record, GS 8 was chosen as a representative station for the basin. For the Usutu catchment the hydrometric station at GS6 was used in this study.
Rainfall runoff simulations in the four catchments
A Watbal rainfall-runoff model was used to estimate streamflow in each of the four catchments.
The model was first calibrated in order to obtain optimal parameters using historical records of precipitation, potential evapotranspiration (PET) and streamflow in each catchment as input variables. A similar calibration was carried out using output precipitation and derived PET from 12 objectively combined GCM simulations. The GCMs are combined using a Bayesian weighting procedure which assigns unequal weights to each GCM output depending on its bias with respect to observed precipitation and on the extent to which it is an outlier from the rest in the future (2061-2100) climate. Details of the Bayesian weighting method can be found in Tebaldi et. al., (2005) . Here, it suffices to mention that in the model weighting procedure, the posterior distribution of the parameters of interest is obtained using a Markov chain Monte Carlo method which iteratively generates a sample of 1000 precipitation and PET values both in the control and the future climate. Corresponding samples of streamflow in each catchment were generated using the WatBal rainfall-runoff model.
RESULTS AND DISCUSSION
The calibrated WatBal rainfall-runoff model was validated in the four catchments in order to test its suitability for future runoff simulations. Figures 2 to 5 compares the annual cycle of GCMbased WatBal generated runoff in the present climate with that observed in each of the four catchments. It is evident from Fig. 2 that the derived streamflow is biased towards higher flow at the beginning of the rainfall season (October-December) and towards slightly lower flows thereafter up to around April in the Komati catchment. In the Mbuluzi, Usutu and Ngwavuma catchments (Figs. 3 to 5) the simulated streamflow is higher from October to December and lower flows thereafter till around July. These apparent biases notwithstanding, the modelled streamflow in the four catchments captures a realistic annual cycle, which demonstrates that the model can be used to simulate stream flows given GCMs results (precipitation, potential evapotranspiration etc.).
The GCM-based streamflow in the future and present climate was then used to calculate the percentage change in river runoff in the four catchments using the following relationship:
Where: Q F is the future streamflow and Q P is the present streamflow. Table 1 shows the statistics of the projected runoff change (between present and 2021-2060) in the four catchments. Figure 6 shows the monthly runoff change between the present and the future (2021-2060) streamflow for the Usuthu catchment.
It can be seen form Figure 6 that at 95% confidence interval the runoff change lies between -22% to 12.1%, -5.4% to 11.8%, -5.6% to 27.7%, -23.4% to 9.3%, -22.7% to 9.9%, -23.6% to 18.7%, -21.9% to 13.2%, -17.3% to 8.3%, -25.5% to 12.8%, -26.8% to 13.1%, -28.6 to 2.8 and -40.3% to 15% for October, November, …, September respectively, in the Usuthu catchment. The median of the runoff change is positive for the month of November and December only and is negative for the rest of the months. Although, the results suggest a likely decrease in flows during most of the year, these decreases fail to attain statistical significance at the 5% level. Figure 7 is a result of the conversion of the statistical projected runoff changes into streamflow between the present and the future (2021 to 2060) in the Usutu catchment. It can be observed from Fig. 7 , that the median future streamflow (red line) lies below the present flows during much of the year except in November and December. This is in qualitative agreement with Figure 6 . However, the present streamflow still lie within the 95% confidence interval of the projected flows which emphasizes the lack of statistical significance in the simulated runoff change. Figure 8 shows the monthly projected runoff change between the present and the future (2021-2060) streamflow for the Komati catchment. It can be seen form Figure 8 that at 95% confidence interval the projected runoff change lies between -10.5% to 6.2%, -4.8% to 6.9%, -10.0% to 18.4%, -3.9% to 4.9%, -7.4% to 6.2% -6.5% to 8.9%, -6.4% to 14.1%, -7.4% to 19.4%, -9.8% to 25.6%, 9.8% to 26.6%, -14.6% to 12.0% and -17.4% to 2.7% for October, November, …, September, respectively. The median projected runoff change is negative for the months of December and September while there is no change for October and November but it is positive from January to August. Although, the results suggest a likely increase in Komati flows during most of the year, these increases fail to attain statistical significance at the 5% level. Figure 9 is a result of the conversion of the statistical projected runoff changes into streamflow between the present and the future (2021 to 2060) in the Komati catchment. It can be observed from Fig. 9 that the median future streamflow (red line) lies below the present flows in November and December but is above for the rest of the months. This is in qualitative agreement with Figure 8 . This indicates that there will be an increase in the flows of the Komati catchment under climate change conditions. However, the present streamflow still lie within the 95% confidence interval of the projected flows which emphasizes the lack of statistical significance in the simulated runoff change. Figure 10 shows the monthly projected runoff change between the present and the future (2021-2060) streamflow for the Mbuluzi catchment. It can be seen from Fig. 10 that the runoff change at the Median is negative for all the months except for the month of December which indicates a zero change. It can also be seen form Figure 10 that at 95% confidence interval the projected runoff change lies between -21.5% to 4.7%, -11.7% to 4.6%, -16.9% to 15.6%, -20% to 10.3%, -20.2% to 5.2%, -20.3% to 13.4%, -21.6% to 18.1%, -12.7% to 6.5%, -15.4% to 10.6%, -16.6% to 9.4%, -22.7% to 1.2% and -31.2% to 3.8% for the months of October, November, …, September respectively. Although, the results suggest a likely decrease in Mbuluzi flows during most of the year, these decreases fail to attain statistical significance at the 5% level. Figure 11 is a result of the conversion of the statistical projected runoff changes into streamflow between the present and the future (2021 to 2060) in the Mbuluzi catchment. It can be observed from Figure 11 that the median future streamflow (red line) lies below the present flows during the whole year. This is in qualitative agreement with Figure10. However, the present streamflow still lie within the 95% confidence interval of the projected flows which emphasizes the lack of statistical significance in the simulated runoff change. Figure 12 shows the monthly projected runoff change between the present and the future (2021-2060) streamflow for the Ngwavuma catchment. It can be seen from Figure 12 that the runoff change at the Median is negative for all the months except for the month of December which indicates a zero change. It can also be seen from Figure 12 that at 95% confidence interval the projected runoff change lies between -22.6% to 15%, -10.5% to 10%, -21.0% to 34.9%, -20.6% to 20.4%, -26.3% to 11.5%, -24.5% to 21.3%, -22.4% to 27.9%, -21.1% to 7.5%, -27.5% to 10.3%, -29.1% to 11.5%, -31.3% to 4.3% and -40.8% to 10.1% for October, November, …, and September, respectively. Although, the results suggest a likely decrease in Ngwavuma flows during most of the year, these decreases fail to attain statistical significance at the 5% level. Figure 13 is a result of the conversion of the statistical projected runoff changes into streamflow between the present and the future (2021 to 2060) in the Ngwavuma catchment. It can be observed from Figure 13 that the median future streamflow (red line) lies below the present flows during much of the year except for October, November and December. This is in qualitative agreement with Figure 12 . However, the present streamflow still lie within the 95% confidence interval of the projected flows which emphasizes the lack of statistical significance in the simulated runoff change. Table 1 shows a summary of the results for the present and future streamflow at 50% quantile, runoff change (mm/day and in %) in the Komati, Mbuluzi, Ngwavuma and Usutu catchments. The runoff change between the present and future streamflow at the 50% quantile ranges from -0.327 to 0.468; -0.678 to -0.059; -1.448 to 1.336 and -1.19 to 1.219 % in the Komati, Mbuluzi, Usutu and Ngwavuma catchments respectively. These results show that the projected runoff change at the 50% quantile is not significant in all the catchments.
The above results have shown that there will be no significant changes in the river flows in all the four catchments under expected climate change at the 5% confidence level. However, it can be pointed out here that the variability of the streamflow under expected climate change is due to the fact that it will lie between the 2.5% and 97.5% quantiles as shown in Figs 7, 9, 11 and 13. Therefore, water infrastructure development is one of the adaptation strategies and this is because the country has only three major dams in existence and the Lowveld region is continuously experiencing drought related problems yet there is plenty of water in the Highveld region. Therefore, there is a need for incorporating climate change uncertainties into the longterm planning and adaptation options should be directed at developing robust water resources systems.
ADAPTATION OPTIONS
Adaptation refers to adjustment made in natural or human systems in response to actual or expected climate stimuli or their effects in order to moderate harm or make use of beneficial opportunities (Zaki-Eldeen, 2007). The time horizon of the change that might occur (increased or reduced precipitation) is similar to the time required for planning, approval, funding, construction, and economic life of water resources projects (dams, irrigation canals, drainage systems etc. (Shaake, 1989) ). Therefore, adaptation strategies should make sense regardless of the direction and magnitude of change. Miller (1989) contends that -adaptation strategies should be directed at developing robust water resources systems as well as techniques to incorporate climate change uncertainties into the long-term planning‖. Water resources adaptation options are available in the literature (Strzepek et, al, 1996 , Matondo et al., 2001 , IPCC, 2007 . Water resources adaptation options that are being proposed in order to deal with the effects of expected climate change and variability in the sector of water resources for Swaziland are as follows:
(i) Implementation of efficient water use Given the fact that water is going to be a scarce resource, it is proposed that Swaziland should put in place measures that will reduce water consumption at all levels. This is only possible through efficient water utilization using water demand management at all levels. The effectiveness of efficient water use as an adaptation strategy is by reducing wasteful water use, cutting leaks in water supply systems and losses in irrigation systems (by using efficient water application methods and reducing evaporation through the use of mulches), and by reducing exaggerated household water use and pollution (which frees up more clean water). Aggressive water conservation programs can obviate the need for dams and other diversion infrastructure as has happened in Bogota, Columbia, in California, and in Boston, Massachusetts. Efficient water use approaches at the household and farm level are available in the literature (Pereira et al. 2002 , Falkenmark et al., 2007 , Gleick et al. 2007 ). This adaptation option does not require much funding but it requires the education of the people from household to farm level on efficient water utilization. Water pricing has also been used as a means of encouraging efficient water use. This is because people have the tendency to use less water as the price goes up. However, water pricing will not work if water is going to remain a free commodity. Wastewater recycling in urban areas whose wastewater is about 75% of the supplied water can be a source of water. Wastewater treatment and reuse is an obvious possible solution to cope with the ever increasing water demand especially in addressing drought situations which are exacerbated by climate change. The strategy that is proposed here is to treat wastewater to a level that is intended for a specific use. Wastewater from the cities of Mbabane and Manzini is treated and the effluent is directed into natural rivers where it is used for domestic, industrial and irrigation purposes downstream.
(ii)
Strengthening of early warning centers According to Elasha et al., (2006) early warning systems have been identified as a prerequisite for adaptation to climate change and variability, particularly to predict and prevent the effects of floods, droughts and tropical cyclones as well as for indicating the planting dates to coincide with the beginning of the rainy season. It is argued that if farmers can adapt to current year to year variability through the use of advanced information on the futures season's climate and institutional systems are in place to respond to short-term changes (early warning systems), then communities will be in a position to adapt to longer-term changes (Oludhe, 2005) . Swaziland should make use of the information from the Drought monitoring center in Harare, Zimbabwe (iii) Implementation of Integrated Water Resources Management (IWRM) IWRM takes into consideration all the sectors of the human endeavour, land use and the environment. The benefits of integrating the various aspects of water resources management have been identified by many researchers, policy makers and water managers (Grigg, 1996) . According to Malano (1999) , there are four major principles in IWRM and these are:
Sectoral (and sub-sectoral) integration that takes into account competing and conflicts among various users. Geographical integration Economic, social and environmental integration that take into account of social, and environmental costs and benefits and Administrative integration that coordinates water resources planning and management responsibilities and activities at all levels of government.
The country has established the Swaziland Water Authority and river basin authorities have been formed. This places the country in a better way of implementing Integrated Water Resources Management (IWRM).
(iv) Rainwater harvesting. Rainwater harvesting can be a source of water for domestic, livestock and irrigation and therefore, it can lead to increased crop production and thus food security in the country especially under expected climate changes. This strategy is long overdue given the water scarcity problems in the Lowveld region. Potential dam sites are as proposed by Matondo and Msibi (2010) .
SUMMARY AND CONCLUSIONS
It has been established that the climate change in the next 100 years will be due to anthropogenic activities (IPCC, 2001 ). It has also been reported that 1995-2006 are the warmest years in the history of instrumentation (since 1850) and the global surface temperature rise is attributed to the green house gases effect (IPCC, 2007) . According to the IPCC (2007), temperatures globally are expected to increase from 2 to 5 degree Celsius if countries around the world do not reduce emissions of greenhouse gases by the end of this century.
The impact of climate change on water resources in Swaziland has been studied using observed and GCM generated information (precipitation, evapotranspiration, temperature, etc.). The Watbal rainfall runoff model was calibrated using information from the four catchments namely: Usuthu, Komati, Mbuluzi and Ngwavuma. Future (2021 to 2060) streamflow in the four catchments was simulated using the calibrated Watbal rainfall runoff model with inputs from the GCMs.
The analysis of the simulated streamflows show, that the projected runoff change is negative in Usuthu, Mbuluzi and Ngwavuma catchments except for the Komati catchment. The median future streamflow lies below the present flows especially during the winter months in the three catchments except the Komati catchment. However, the decreases and increase in the stream flows in the four catchments fail to attain statistical significance at the 5% level. It has also been established that the present streamflow still lies within the 95% confidence interval of the projected flows in all the catchments which emphasizes the lack of statistical significance in the simulated runoff change.
It can therefore, be concluded that, the sector of water resources in Swaziland is not vulnerable to climate change at the 5% significance level. However, the projected streamflow in all the four catchments will lie between the 2.5% and 97.5% quantiles (October to September). This shows the variability of the streamflows under expected climate change. Therefore, since the lowveld has been experiencing drought related problems, the Government should implement the available adaptation strategies such rainwater harvesting and inter-basin water transfer, efficient water use especially in the irrigation sector, utilization of early warning information due to shifting planting dates and implementation of Integrated Water Resources Management. confidence interval extending from the circles, which show the 2.5% and 97.5% quantiles. 
